Analogous to time signals that can be composed of multiple frequency functions, we use uniquely structured orthogonal spatial modes to create different beam shapes. We tailor the spatial structure by judiciously choosing a weighted combination of multiple modal states within an orthogonal orbital angular momentum (OAM) basis set, creating desired beam intensity "shapes." The weights of the OAM beams to be combined forms a Fourier pair with the spatial intensity distribution in the azimuthal direction of the resultant beam. As an example, we simulate and experimentally create various beam shapes by designing the weights of the combined OAM beams. We also find that 6× higher localized power, as compared to traditional beam combining, could be achieved by coherently combining nine orthogonal OAM beams. There has been a fair amount of recent interest in spatially structured beams, in which the phasefront and amplitude are tailored to produce specific shapes [1] [2] [3] [4] . These shapes can often be represented by one or multiple terms of a modal basis set, which is a series of mutually orthogonal functions [5, 6] . As one example, Laguerre-Gaussian (LG) modes form an orthogonal set, and each term has an integer number of 2π phase changes in the azimuthal direction. For most LG beams, the beam's phasefront twists in a helical fashion as it propagates, such that the beam carries orbital angular momentum (OAM) and has a ring-like intensity profile with a central null [7] [8] [9] . In general, LG (or OAM) beams can be described by their azimuthal (l) and radial (p) indices, which correspond to the number of 2π phase changes and the number of concentric rings, respectively. OAM beams with l ≠ 0 carry a non-zero OAM, although OAM modes with p 0 have received much recent interest, OAM modes with p ≠ 0 are also of importance.
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OAM beams can potentially provide a useful tool to further create more diverse phase and intensity profiles [10] . Specifically, one can view a set of orthogonal OAM modes, each with its own complex coefficient, as a series that can be combined to potentially form any arbitrary shape. This is analogous to the concept of a Fourier series [11] [12] [13] [ Fig. 1(a) ], in which any time domain signal can be constructed by adding multiple, arbitrarily weighted orthogonal sinusoidal waves of integer frequency spacing.
This kind of diverse beam structuring could be used in many applications for which there is a desire for tunable and unique beam shapes (e.g., medical [14] , manufacturing [15] , and imaging [16] ). We note that the combination of some specific beams has been investigated in both the classical [17, 18] and quantum domains [19] [20] [21] [22] . However, little has been reported about arbitrary beam structuring through coherent combining of multiple OAM beams in which each beam's complex coefficient can be arbitrarily changed.
In this Letter, we explore and simulate the concept of spatial amplitude structuring of beams using a combination of multiple complex-weighted orthogonal OAM beams. Our results show that the series of complex weights of the OAM beams with p 0 forms a Fourier representation of the spatial intensity distribution in the azimuthal direction of the resultant beam. Specifically, we created a local dot and moved it around spatially by modifying the complex coefficients. Moreover, we show that beams can be created in the near field with profiles exhibiting higher localized power density than by simply adding multiple fundamental Gaussian beams. As one example, the combination of OAM modes with p 0 [ Fig. 1(b) ] produces a >6× localized power density enhancement by combining nine beams.
In general, beam structuring through the coherent addition of multiple beams can be represented by
where F r; θ; 0 is the resultant beam; f i r; θ; 0i 1; 2; …; n is the complex field of the i-th contributing beam; r; θ is the cylindrical coordinate; and α i and φ i are the amplitude and temporal phase weights, respectively. The electrical field after a z-distance propagation, F r; θ; z, could be derived from F r; θ; 0, according to the Kirchhoff-Fresnel diffraction [23] . The goal of our structuring approach is to choose an orthogonal basis f i r; θ; 0 and manipulate its complex coefficient C i α i expjφ i , such that F r; θ; z has the desired spatial phase and intensity distribution. For example, to achieve a higher localized intensity, the peak of F r; θ; z · F r; θ; z should be maximized. Each component beam can be represented at z 0 by
where I r; θ and ψr; θ are the basis's spatial intensity and phase distribution, respectively. To create a desired spatial phase and intensity, we combine multiple OAM beams with p 0, which has an expjlθ helical transverse [7] . Therefore, Ir; θ ∝ r jlj exp−r 2 ψr; θ lθ :
Our proposed approach is analogous to the concept of a Fourier series in cylindrical coordinates over the azimuthal direction, and each value of OAM represents a different phase change rate in the azimuthal direction [10] [11] [12] , i.e., "spatial frequency." Our simulation results show this Fourier-like time/frequency behavior [24] in the spatial domain: (1) when combining equal-weighted multiple OAM modes, the resultant beam's azimuthal intensity distribution is a sinc-like function [ Fig. 2(a) ]; (2) comparing Fig. 2(b) to Fig. 2(a) , when the spectrum uses every other mode (i.e., sampled), the azimuthal intensity produces periodic replicas in the spatial domain; (3) comparing Fig. 2(c) to Fig. 2(a) , a sinc-like azimuthal intensity distribution broadens when using fewer modes; (4) a sinc-like weighted combination produces a square-like azimuthal intensity distribution [ Fig. 2(d) ]. The OAM spectrum-based beam structuring can vary both the spot shape and the spot position of the generated beam. As shown in Fig. 3 , we investigate the cases when OAM − 8 to OAM 8 are combined with the same power, but a different/same relative temporal phase. If different beams have a relative temporal phase delay proportional to its OAM order, the resultant structured beams have the same spot shape. As shown in Figs. 3(a)-3(c) , the slope of the relative temporal phase delay is the angle of the spot rotated in the azimuthal direction. A positive slope gives counter-clockwise rotation, while a negative slope gives clockwise rotation. Figure 4 shows the simulated and experimental results of the resultant intensity profile when different OAM beams are combined with equal weights. In the proof-of-concept experiment, instead of combining multiple beams as in the simulation, a spatial light modulator loaded with a pattern, which consists of the combination of multiple OAM functions, is used to control the phase and the intensity of a single incoming beam for beam shaping. Increasing the number of beams from 3 [e.g., Figs. 4(a1) and 4(b1), OAM − 1 to OAM 1] to 9 [e.g., Figs. 4(a4) and 4(b4), OAM − 4 to OAM 4], the intensity distribution of the beams is narrowed down. To evaluate our approach, we show the simulation results for one of the most basic Fourier applications. Similar to producing a "delta" function in the time domain out of multiple orthogonal frequency functions, we create spatial regions of high localized power density by adding multiple orthogonal OAM functions. We show the results by coherently combining multiple OAM beams, each having a different OAM order and a potentially different complex weight. To analyze the localized power improvement, we use the localized power density gain (LPDG) which is defined as the ratio of the peak power density achieved by our approach over that achieved by coherent combining of fundamental Gaussian beams [25] [26] [27] . We note that the beam combining effect is considered for LPDG comparison, regardless of the beam forming (focusing) effect. We investigate two different beam-combining scenarios: (1) all OAM beams have equal waists, and the sizes (i.e., areas) are proportional to ffiffiffiffiffiffiffiffiffiffiffi ffi l 1 p
[28]; and (2) all OAM beams have equal sizes, but different waists [29] . Figure 5(a) shows the achieved LPDG using OAM orders −l to l under both scenarios. The emitting aperture diameter is 6 cm and the transmission distance is 100 m. The equal size scheme shows a higher LPDG than the equal waist scheme due to more spatial overlapping. When nine OAM beams (OAM − 4 to OAM 4) are equal size combined, a >6 LPDG is achieved. Figure 5 (b) exhibits a lower LPDG when only 0 to l are used.
Although the above simulations assume that all beams are aligned in time and, therefore, have the same phase coefficient φ i , time misalignment errors may occur in practice. Figure 6 (a) combines OAM beams with the order from −3 to 3 such that one beam suffers a time/phase misalignment relative to the other beams. The results show that a larger misalignment causes greater LPDG degradation, and a phase error of ∼π degrades the LPDG from 5 to 2.5. Moreover, a real system may have errors in the desired amplitude coefficients α i (i.e., power fluctuation) of the beams. Figure 6 (b) combines OAM −3 to 3, such that one beam suffers a power degradation relative to the other beams. The results show that if one of the beams has zero power, the LPDG degrades from 5 to 4.2.
In the analysis above, we use OAM modes with no radial change (p 0), and they form a one-dimensional complete basis over the azimuthal direction. Therefore, tunable beam structuring can be readily achieved in the azimuthal direction, but not in the radial direction. A two-dimensional complete basis, such as OAM modes with p ≠ 0, which considers both [30] , may potentially provide an arbitrary and tunable beam structuring over a twodimensional plane. We note that to generate an OAM beam with a higher radial index, both the phase and intensity of the beam need to be shaped, which could be achieved by a spatial light modulator with a specially designed pattern [31] . As shown in Fig. 7 , when OAM 1 beams with different radial indices are considered for beam combining, the resultant beam's intensity distribution in the radial direction could be potentially controlled. More radial modes allow the smaller spot in the radial direction.
The following points are worth mentioning. First, the combination of zero-radial-index OAM beams may create a beam shape with a dark hole in the center. This is because these beams form only one degree of freedom, i.e., the azimuthal, in the spatial domain. Second, more OAM modes theoretically could create a smaller spot size. However, the number of available modes may be limited in a practical application. 
